Purpose -Non-planarity of assemblies and co-planarity variation effects on anisotropic conductive adhesive (ACA) assemblies have been a concern for ACA users since the materials are first devised. The primary objective of this paper is to introduce a new experimental method for studying co-planarity variation effects on ACA assemblies. Design/methodology/approach -The approach simulates non-planarity through deliberate chip rotation during the ACA bonding process, thereby locking different levels of co-planarity variation into ACA test assemblies. Scanning electron microscope (SEM) analysis and electrical joint resistance measurement using the four wire resistance (FWR) method are used to mechanically and electrically examine the connection quality of the ACA assemblies bonded with non-planar joints, for which the chip and substrate patterns are specially designed to allow joint resistance measurement using the FWR method. Findings -Typical experiments and their results are presented and analysed. The bond thickness differences between the SEM measurements and calculations indicate that the real rotations are smaller than those predicted by the calculations. The typical experimental results show that the joint resistance reduces as the deformation increases until reaching a relatively stable value after a certain deformation degree. Research limitations/implications -The average joint resistances in the rotated samples are all bigger than those measured in the un-rotated samples. This raises the question as to whether the joint resistances of ACA assemblies are more significantly affected by other affects of non-planarity than just by its effect on bond thickness. However, before this can be confirmed, more research must be done to check if this behaviour happens for different bonding forces. Originality/value -This paper reports a novel and simple experiment that can be used to examine the effects of co-planarity variation on the electrical performance of ACA assemblies, by creating different bond thicknesses that are normally difficult to achieve by changing the bonding pressure, since ACA bond thicknesses are not linearly related to the bonding force. The merit of the technique is that there is no need to manufacture chip bumps and substrate pads with different geometries, or to control the bond pressure, to achieve bond thickness variation in ACA assemblies.
Introduction
Anisotropic conductive adhesives (ACAs) are conceptually a simple method for achieving high density interconnection of electronic components. They are compatible with metallizations unsuitable for use with soldering processes and are critical in a number of commercially important niche applications, such as microelectronics packaging, flip chip bonding and, particularly, flat panel display assembly (Li et al., 2005; Wong et al., 2000; Liu, 2001; Gilleo, 1999; Lin and Zhong, 2008; Li and Wong, 2006) . ACAs are therefore experiencing a significant growth in use, although some aspects of their performance, particularly in terms of yield and reliability, are still not fully understood. The effect of poor planarity on ACA joint reliability remains one of the most important issues to be understood before ACAs can be used more widely in high volume low cost applications (Gilleo, 1999) .
There are many factors that affect the yield and performance of ACA assemblies. They are significantly affected by the hygrothermal conditions and thermal cycling when not sealed properly because the cured adhesives are sensitive to humidity and temperature (Kwon et al., 2005;  The current issue and full text archive of this journal is available at www.emeraldinsight.com/0954-0911.htm Lin et al., 2006; Tan et al., 2004; Wu et al., 2002) . Bonding process parameters are generally critical factors as far as final assembly quality and reliability are concerned, due to the complex mechanical, rheological and chemical properties of ACA materials. In addition to bonding parameters, bonding tolerances resulting from bonding process variations or component dimensional variations are other critical factors which may be difficult to control (Dou et al., 2003) .
Bonding force, bonding temperature and bonding time are the main controllable process parameters in an ACA assembly process. The bonding force affects the compression of the adhesive layer, therefore determining the particle deformation degree and, consequently, the contact area between the particles and the component pads (Dou et al., 2003; Yeung et al., 2003; Määttänen, 2003; Kim et al., 2007; Chen et al., 2006) . Moreover, determining the optimum bonding force is important to achieving a reliable assembly, because the deformation of the conducting particles affects the reliability of the ACA joints (Chan and Luk, 2002a, b) . Bonding temperature and time are other critical parameters for the ACA joint reliability, since they affect the curing degree of the adhesive resin (Seppala and Ristolainen, 2004; Seppala et al., 2003) and the resulting levels of residual stresses in the assembly (Tan et al., 2004) . For a given bonding temperature and bonding time, the bonding force influences the final distribution of conducting particles in the ACA assembly (Ogunjimi et al., 1995; Dudek et al., 1999) . Therefore, establishing the optimum parameters for ACA bonding will contribute to achieving high quality and reliable electronics assemblies. Computational modelling studies of the ACA assembly process have led to a better understanding of the bonding process and can facilitate establishment of design rules for different applications (Whalley et al., 2001 (Whalley et al., , 2003 , but due to complex interactions between the fluid flow and solid mechanics of the particles, pads and component/ substrate, experimental methods are still required to fully explore the process. Recently, systematic measurements of the deformation properties of individual ACA particles have revealed the relationship between the particle deformation and load force and shown that the particles are crushed above a certain degree of deformation or load force (Dou et al., 2008; Kristiansen et al., 2004) .
In addition to the parameters mentioned above, mechanical tolerances significantly affect ACA assemblies. Generally, there are two kinds of bonding tolerances in ACA packaging, in plane misalignment between the chip and the substrate, which may be translational or rotational, and co-planarity variation between the joint planes. Experimental research on the in plane misalignment of components in ACA assemblies has been reported previously, for example, by Fan and Chan (2002a, b) . Fan and Chan showed that misalignment can be caused by chip placement errors, uneven assembly pressure, bump height variation and lack of flatness of the bump pads, and non-uniformity of the ACA thickness. They also showed that joint resistances are also very sensitive to the alignment of chip bumps and substrate pads. However, little research into the effects of co-planarity variation has been published (Dou et al., 2006c) . In ACA interconnections, the conductive particles provide current paths between the chip bumps and substrate pads through the mechanically deformed interfaces. Bad co-planarity in ACA packaging can be caused by rotational chip misalignment, distorted components and uneven height pads. The ACA assembly process is very different from soldering processes, since the adhesive does not generate surface tension forces to drive the self-alignment process that allows misplaced chips to be pulled into the correct position relative to the substrate electrodes in soldering. ACAs will also only provide sufficient and reliable electrical conductivity for a narrow range of gaps between the component and substrate pads. Therefore, the effects of coplanarity variation on electrical conduction in ACA assemblies are investigated in this paper by rotating the chip pad plane relative to the substrate pad plane, and then thermally locking/curing these rotations in place.
Sources of non-planarity
In this research, co-planarity refers to the uniformity of the ACA bond line thickness. Co-planarity issues in an ACA assembly are complex, since there are many factors that can cause poor planarity connections, such as manufacturing variations and assembly faults. In this paper, five sources of non-coplanarity will be discussed which are: 1 Distortion of the components. Distortion of the components could result from both the bonding conditions and the thermal shrinkage of the adhesive after bonding. This kind of distortion is shown in Figure 1 . It happens in many ACA assemblies due to the coefficient of thermal expansion (CTE) differences between the chip and substrate globally and the joints and adhesive locally. Generally, the global CTE mismatch has more effect on component distortion than the local mismatch (Yin et al., 2004) . 2 Incorrect alignment. Another significant source of noncoplanarity is incorrect alignment due to bonding machine errors as shown in Figure 2 (Dou et al., 2006c) . 3 Surface roughness of the pads. If there is a rough or wavy pad surface, as shown in Figure 3 (a), the particles are apt to be trapped in the concave spots (Fan and Chan, 2002a; Wu et al., 2001 ). This will tend to result in a lower degree of compression of the particles than if the pads were flat. 4 Non-planar pad surfaces. This kind of non-planarity is caused by pad manufacturing processes which, although they may leave the surface of the pads smooth, result in surfaces that are either tilted or curved as shown in Figure 4 . The tilted bump geometry shown in the centre of the chip is unlikely to occur in a real package, but curved pad tops may occur, for example, in printed conductors (e.g. thick film). 5 Variation of pad height. Variations in the component pad height, as shown in Figure 5 , are normally caused by manufacturing variations. Significant variations can result in large joint resistances and cause reliability problems during service, however, some variation in the pad height is normal in an ACA assembly, although it is controlled within a fairly low range (Wu et al., 2001 ).
These five sources of non-coplanarity are not completely avoidable in practice, especially in terms of the surface roughness of the pads, so understanding their effects is important. It is difficult to deliberately manufacture components or substrates with a controlled level of distortion, or to produce the bumps with different surface morphologies, in order to study the effects on ACA assemblies of noncoplanarity. Therefore, the experimental approach used in this research is based on deliberately introducing noncoplanarity type 2 by misaligning the chip in the bonding process. The bonding machine employed for assembly allows the rotation degree to be easily controlled during ACA assembly. This can simulate the other sources of thickness variation as far as the particle deformation degree is concerned, and is particularly suitable for replicating the effects of variations in the pad height and distortion of the components.
Simulation of non-coplanarity through chip rotation
In this study, it was assumed that all of the component and substrate pads were initially coplanar (Tummala, 1998) . The co-planarity assembly experiment was designed to use deliberate rotation of the chips through a small angle during placement, as shown in Figure 6 . The substrate pad surface is secured horizontally in the bonding machine and the bonding machine is normally used to present the chip parallel to this. However, in this experiment, different levels of non-planarity in the assembly were obtained by rotating the chip through different small angles and locking them in this position during The chips used in this research were bumped along their four edges, although only the bumps on the two long edges were configured to allow the joint resistance measurements required for these experiments. For a-rotation where the chip is rotated around the x-axis, one of the long chip sides is lifted up and the other is moved down in relation to the x-y plane, as shown in Figure 7 using a y-z plane cross section. If the chip is rotated around the y-axis, one of the short chip sides is lifted up and the other is moved down in relation to the x-y plane, as illustrated in the cross section of b-rotation in the xz plane in Figure 8 . There is no displacement along the centre line of the chip, but the difference in height gradually increases on either side of the centre line, y, and reaches its maximum displacement at each end of the chip.
In Figures 7 and 8 , it can be seen that all of the resistance measurable bumps along the same long side of the chip are at the same rotation level in the a-rotation assemblies, however, they are not at the same level in the b-rotation assemblies. Therefore, a progressive variation in the level of particle deformation can be acquired along the long chip edges for b-rotation whereas only two levels per sample may be obtained for a-rotation, but in a single sample will, for example, allow investigation of whether proximity to a chip corner has any influence on the resulting joint resistance for each level of rotation. The separate use of a-rotation and b-rotation therefore provide the possibility to study different co-planarity effects. The co-planarity issues in a real assembly could be a result of a combination of these two kinds of rotations, and may also include the other kinds of non-planarity as discussed earlier in this paper. This paper will present results only for a-rotation, while a future paper will present b-rotation results.
Materials

Chips
The chips used in these experiments were dummy components with no active circuitry. The chip size was 11 £ 3.0 £ 0.5 mm, and they were bumped along their four sides, as shown in Figure 9 . There were 150 bumps along each of the long sides of the chip, the bump size was 50 £ 70 £ 5.0 mm including the Ni and Au layers, and the bump pitch was 75 mm. A pattern of Ni and Au coated Cu tracks was designed to allow Kelvin or four wire resistance (FWR) measurement of the electrical resistance of some of the individual joints once assembled, as shown in Figure 9 . This bump pattern on the chips couples with a matching pad pattern on the substrates. The bumps are in groups of five, in which three bumps are connected and the other two are not, as shown in the figure. One bump in each group is used for the FWR measurement, while the unconnected bumps can be used for short circuit detection, although they were not used in this experiment. There are also two small chip alignment marks as shown in the figure, which are used to help align the chip to the substrate.
Substrates
The flexible printed circuit (FPC) substrates used in this study were specially manufactured for the FWR measurement from a 0.025 mm thick polyimide laminate. The layout of the substrate pattern is as shown in Figure 10 . The metal pads on the substrate are about 16.5 mm in height, and consist of a Cu layer, a Ni layer and an Au layer. The metal traces including pads on the substrate were specially designed to match the chip's bump pattern in order to achieve the measurement of electrical resistance of some of the ACA joints. There are two substrate alignment marks and two small chip alignment marks on the substrate, as shown in the figure. The substrate alignment marks were used to help align the substrate on the base stage of the bonding machine, and the chip alignment marks were used to help align the chip onto the substrate.
Adhesive
A commercial ACA, Sony FP1508E, which is a pre-formed film material, was used to assemble the bare chips onto the flex substrates. Sony FP1508E is a product specifically developed for fine pitch chip-on-flex packaging and has previously been shown to be effective for assembly of these type of assemblies (Tan et al., 2004; Dou et al., 2003; Yeung et al., 2003) . It also incorporates an adhesion promoter which improves its resistance to subsequent lead-free reflow process conditions, e.g. for attachment of capacitors and resistors after the chip is mounted. The bonding process parameters used were 808C and 10 N for 5 s during pre-bonding and 1808C and 100 N for 15 s during final bonding.
Experimental methodology
5.1 Co-planarity experimental methodology ACA assembly of fine pitch devices requires a specialised bonding machine due to the fine placement tolerances and the specific bonding force and time/temperature requirements. For a typical ACA assembly, two bonding steps, pre-bonding and final bonding, are required. Therefore, two flip chip bonding machines, a Karl Suss 9493 Mauren and a Toray (FC1200-2k-#95), were adopted for these two bonding processes, respectively, in this work. The Karl Suss bonding machine is good for pre-bonding, where the adhesive film is laminated onto the FPC substrate, since it is a simple machine without automatic control alignment, but is unsuitable for the final-bonding step where the chip is aligned and bonded to the substrate. In the Toray machine that was used for final-bonding, there are twin stages with a high precision optical alignment system, where the alignment accuracy is within^2 mm along the chip sides. The chip placement head, as schematically shown in Figure 11 , includes a heating block with highly accurate temperature control, vacuum connections and a removable ceramic attachment, and provides fine bonding force control. For the experiments reported here, the head was tilted by 1 £ 10 2 4 rad for each rotation increment, before being locked into the final assemblies during the adhesive curing. The control of the angle of rotation of the chip head is thought to be accurate and without any significant play or deflection occurring during the bonding process. The Si chips and substrates are also considered to be perfectly manufactured without any thickness variation or warpage. These assumptions are practical in this research and make the experimental analyses possible, although some level of machine process errors and component manufacturing errors are unavoidable.
Sample analysis methods
Conventional optical microscopy and scanning electron microscope (SEM) were both used to evaluate the success Chip in creating the required variation in conductor particle deformation. A SEM provides high depth of field images at much higher magnification than is possible with an optical microscope, while optical microscopy was used to check the sample cross-sections during the SEM sample preparation. Figure 12 (a) shows a typical cross-section of a joint where a chip bump, substrate pad and a deformed particle surrounded by cured adhesive can be clearly seen. Figure 12(b) is a schematic of Figure 12 (a) where d is the diameter of the original particle and Dd is the particle deformation. The distance between the bump and the pad is referred to as the bond line thickness, b. The particle deformation degree, k, is defined as:
After bonding, but before sectioning, the electrical resistances of individual ACA joints in the sample with different bond line thicknesses were FWR measured using a Keithley 580 micro-ohmmeter. The micro-ohmmeter provided correction for the effects of any thermoelectric electromotive forces on the measurement. A schematic of a group of the joints configured for FWR measurement is shown in Figure 13 . Traces 1 and 2 were connected to the voltage sense terminals of the micro-ohmmeter, while traces 4 and 5 were connected to the current source terminals. Owing to this specially designed circuit layout, the trace resistances were not included in the measurements, and only the current path constructed by the bump, the trapped conductor particles and the pad contributed to the measured value of the joint resistance. This joint resistance can be divided into five parts as discussed in Dou et al.(2003) and Dou et al. (2006d) , the three already mentioned and the constriction resistances between the conductor particles and the bump/pad.
Experimental results
Results from the experiments for a-rotation of chips are now presented. In the experiments, ten assemblies were processed with rotation angles of 1 £ 10 2 4 rad to 10 £ 10 2 4 rad referred to as Samples 1-10. Two further samples, referred to as unrotated Sample 0, were bonded without rotation. Samples 1, 3, . . . , 9 were sectioned to examine the highly compressed sides and Samples 2, 4, . . . , 10 were polished to analyse the less compressed sides. On each sample four bonds out of the 150 in total along each long side were randomly selected for measurement of their bond thickness. The expected change in the bond thickness, Db, was also calculated assuming that all the components of the assembly are rigid and that the particle deformation therefore varies linearly with the rotation angle (as the angles of rotation are so small that sin(a) < a). This calculation can be expressed as:
where a is the rotation angle and D (as shown in Figure 7) is the distance between the two rows of pads along the long chip sides. In the calculation, it is assumed that the bond thickness, b 0 , is always 1.59 mm at the centre of the chip, which is the measured average bond thickness of the unrotated samples. The calculated and measured bond thicknesses are listed in Table I , where the rotations of þ2, þ 4, þ6, þ8 and þ10 were obtained from Samples 2, 4, 6, 8 and 10; and those for the rotations of 23, 25, 27 and 29 are from Samples 3, 5, 7 and 9. There is no bond thickness measured from Sample 1 since there is almost no discernable difference between Samples 0 and 1. These measurements and calculated thicknesses are shown in Figure 14 , where the measured bond thickness is the mean of the four measurements with one standard deviation error bars. The measured bonds are thinner in the less compressed sides and thicker in the highly compressed sides than predicted by the calculations. This indicates that the real rotations or the particle deformations are smaller than calculated. It can also be seen that the particle deformation does not vary linearly with the rotation angle.
The particle deformation degree was calculated from the measured bond thicknesses using equation (1). Then, together with the measured joint resistances, the relationship between the joint resistance and deformation was established, as shown in Figure 15 . It can be seen in the figure that the deformations below 55 per cent occurred at the less compressed sides of the samples, while those greater than 55 per cent were at the highly compressed sides. It can be seen that the joint resistance reduced as the particle deformation increased up to a deformation of 55 per cent, but further deformation resulted in relatively little further change in the On the other hand, the results suggest that the joint resistances are more consistent at these higher levels of compression, as shown by the one standard deviation error bars in Figure 15 , which reduced down to about 10 mV. This indicates that, for individual ACA particles, their joint resistance typically reduces as the deformation increases until reaching a stable value after a certain deformation degree.
Summary and discussion
This paper reported a novel and simple experiment that can be used to examine the effects of co-planarity variation on the electrical performance of ACA assemblies, by creating a range of different bond thicknesses that are normally difficult to achieve by changing the bonding force, since the average ACA bond line thickness is not linearly related to the bonding force (Lyons and Wong, 1999; Dou et al., 2006a, b; Dou, 2007) . The bond thickness differences between the SEM measurements and calculations indicate that the bond line thickness variations achieved were smaller than those expected, but still provided a sufficient range of thicknesses to explore the relationship between particle deformation and electrical resistance.
Assuming that the bonding force during the final bonding process is uniformly distributed over the bond pads the average contact pressure on the pads, P contact , can be calculated as:
For the bonding force of 100 N in these experiments, this equates to a pressure of approximately 100 MPa. Such pressures are sufficient to deform the polymer film of the FPC located just below the electrodes when at the final bonding temperature of 1808C (Fan and Chan, 2002b) . Therefore, the deformation of the FPC is considered to be the main reason that the difference between the calculated and measured thicknesses slightly increased as the rotation angle increased.
The experimental results showed that the joint resistance reduced as the deformation increased until reaching a relatively stable value at a deformation degree of 55 per cent. However, the average joint resistance increased slightly within this stable stage as the deformation increased up to 75 per cent. The increase in the maximum resistance of about 10 mV when the particle deformation increased from 55 to 75 per cent is believed to result from over compression of the particles, because particle crushing starts to occur as ACA particles are deformed by more than 55 per cent of their original diameter (Dou et al., 2008) . The resulting increase in contact resistance is considered to be due to two main reasons. Firstly, that the electrical paths through the crushed particles are not as continuous as those in the joints where ACA particles are not crushed, because of damage to the metal coatings on the crushed particles; and secondly, that the contact areas between the ACA particles and component/ substrate pads are smaller in the joints without crushed particles because uneven/less stationary contact areas in the joint interfaces construed in the crushing.
It can be seen that the average joint resistances in the rotated samples are all bigger than those measured in the unrotated samples. This raises a question as to whether the joint resistances of ACA assemblies are also significantly affected by other effects of non-planarity than just by its effect on bond thickness. However, before this can be confirmed, more research must be done to check if this behaviour happens for different bonding forces. 
